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The planning of transit routes requires understanding demographics, land use and 
travel patterns of an area. The dynamic nature of these systems necessitates regular 
review and analysis to ensure that the transit system continues to meets the needs of 
the population it serves. Geographic Information Systems (GIS) provide a flexible 
framework for planning and analyzing transit routes. Demographic, housing, land use 
and infrastructure data may be modeled in a GIS to identify efficient and effective 
corridors in which to locate routes. However, GIS capabilities are not fully utilized in 
the planning of transits. 
 
Part of the route location and analysis problem requires estimating the population in 
the service area of a route to determine the ridership. A route’s service area is defined 
using walking distance or travel time and indicates the route’s accessibility to the 
public. It is based on this estimation of the ridership that transit routes are designed. 
Previous methods consider only distance as the measure of accessibility. However, 
there are some other factors that affect the accessibility of the pedestrians in reaching 
transit routes such as natural barriers like the slope or gradient of the earth surface, 
man-made barriers like the community walls etc.  
 
Hence, in this study a GIS spatial planning model is developed which can take into 
consideration the above factors that affect accessibility and better estimate the 
ridership arriving at routes. Using this estimation the model also designs a bus route 
which is optimal from both users and operators point of view. 
Summary 
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The study consists of three principal phases. Phase One is to identify the data needed 
for the above application and to setup the GIS database. Using the database the cost 
surface, which represents the cost of traveling, is modeled for the study area. In Phase 
Two the model to determine link ridership and design bus routes is developed using 
GIS spatial functions. The model development stage includes the illustration of the 
model behavior for various factors. 
 
In the last phase, the model is applied and tested in a real world area that presents 
scenarios because of the dynamic nature of land use and infrastructure. This includes 
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Public transit is an important component in the overall transportation system. It is the 
primary means of travel for certain segments of the population who may not have 
access to jobs, health services, and social and recreational facilities by other means.  
Additionally, when adequately and properly provided, transit offers a travel alternative 
that may help to alleviate roadway congestion. Public transit, when effectively utilized, 
will help to reduce air pollution. 
 
For public transit to be effective a high service quality is essential. There are many 
factors that affect service quality such as transit network design, frequency of services, 
location of transit stops, reasonable fares, safe transit environment, accessible transit 
information, cleanliness of transit facilities etc. Improvements have been continually 
made in transit technologies, resulting in more comfortable vehicles and stations; faster 
services; better information systems; etc. On the other hand, limited resources 
constrain the ability of transit industries to improve service quality in terms of better 
service coverages, which may require the addition of new routes and transit stops 
(Zhao, 1998). Therefore, it is important to make sure that people have easy access to 
the transit facilities while planning transit routes. This requires understanding 
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Ceder and Wilson (1986) have presented a conceptual model of the bus planning 
process as a systematic decision sequence composed of five levels, Figure 1.1. Each 
level’s output becomes an input to a lower decision. These levels are interactive and 
not independent, since lower level decisions will have some effect on higher level 
ones. Researchers in the past have published papers focusing on the automation of the 
lowest two decisions i.e. bus and driver scheduling. The rationale is that these two 
activities directly affect the transportation cost. However, the choice of proper bus 
routes and setting frequencies on these routes are both critical determinants of system 
performance from both operators and rider’s point of view. 
 
Independent Inputs Planning Activity Output 
      
      
Demand Data Level A Operating Strategies
Supply Data Choice of Bus Set of Routes New Routes
Route Performance Indices   Route Changes
     
    
Subsidy and Buses Available Level B Service Frequencies
Service Policies and Current  Setting of Frequencies  
Patronage    
     
     
Running Times & Level C Trip Departure & 
Demand by Time of Day & Time Table Development Arrival Times
First and Last Trip Times    
     
     
Dead Head & Recovery Times Level D Bus Schedules
Schedule Constraints & Bus Scheduling  
Cost Structure     
     
    
Driver Work Rules & Level E Driver Schedules
Run Cost Structure Driver Scheduling   
      
 
Figure 1.1 Bus Planning Process (Ceder & Wilson, 1986) 
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The transit network design problem (TNDP) seeks to configure a bus transit network 
consisting of a set of routes and their associated bus frequencies. Past mathematical 
formulation of this problem were concerned primarily with the minimization of a 
generalized cost measure, usually a combination of user costs and operator costs. User 
cost consisted of the total travel time incurred by the users in the network and operator 
cost was the total number of buses required for a particular configuration. Constraints 
to the problem included but were not limited to: 1) minimum operating frequencies on 
all or selected routes, 2) a maximum load factor on bus routes, and 3) maximum 
available resources (fleet size or capital). The complex formulation and the 
combinatorial nature of the TNDP preclude solution by exact optimization models 
(Newell, 1979). Consequently, heuristic approaches that do not guarantee a global 
optimal solution have been proposed to solve this problem (Shih et al., 1997). Past 
heuristic approaches include those of Ceder and Wilson (1986), Van Nes et al. (1988), 
Baaj and Mahmassani (1991), and Israeli and Ceder (1991). 
 
To overcome the complexity of transit network design, most of the previous 
approaches partitioned the problem into two parts, route construction and frequency 
setting. Usually a good set of routes is determined in the first stage; followed by the 
determination of the corresponding bus route frequencies. However, past approaches 
fail to incorporate service planning guidelines (NCHRP69, 1980) such as route 
coverage, route length and circuitry (Baaj, 1990). Further, all of the approaches need 
accurate information on the number of trips by transit and trip origins and destinations 
in the form of a demand matrix. The basic approaches to obtain such information have 
been to apply a comprehensive regional travel demand model, typically a four-step 
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model, and the other is to develop special models or analyses for transit-only purposes 
(Zhao et al., 2002). 
 
The above aggregate models did not consider the factors that are widely recognized to 
affect transit ridership such as characteristics of population and land use. Land use and 
demographic information are available at disaggregate geography levels: however for 
transportation analysis purposes they were aggregated to traffic analyses zones 
(TAZs). TAZs were assumed homogeneous; the socioeconomic and land use variations 
that exists within the zone are collapsed to an average zonal number without any 
variance to these attributes. Another critical factor in transit planning transit share 
mode analysis is transit accessibility. Though transit accessibility has many facets, 
walking distance from residential areas to transit stops has been the most significant 
factor in the choice of transit use (Loutzenheiser, 1997). But the zonal average of this 
variable is estimated without explicit consideration of the actual location of residents, 
although this information is available down to the block group level. These variances 
are masked when aggregated data are used. 
 
Thus transportation and hence transit demand estimation involves spatial components, 
which are difficult to analyze due to the lack of any common georeferencing system 
and so are aggregated (Prastocas, 1991). The best way to associate elements from 
different datasets is through a consistent spatial referencing system. Such a common 
geographic reference system could assist in TAZ disaggregation which creates smaller, 
more homogeneous analysis zones, permitting finer network details and subsequently 
would result in smoother loadings of demand onto network (Anderson, 1991). 
 
Chapter One: Introduction 
National University of Singapore 5
A technology capable both of georeferencing and of data base management is that of 
the Geographic Information Systems (GIS). By definition, a GIS is “a computerized 
database management system for the capture, storage, retrieval analysis, and display of 
spatial data”. All elements in the database are referenced to the same geographic 
coordinate system that permits the spatial analysis of the data. The enhancement that 
GIS can produce in transportation and transportation planning by storing, displaying, 
manipulating and analyzing large amounts of spatial data at low geographic levels and 
integrating data from different sources has been referred and utilized in many works 
which include Hans and Souleyrette (1985), Simkowitz (1989), Lewis (1990), O’Neill 
(1991), Prastacos (1991), Wong (1996), Choi & Kim (1996). Hence, GIS can provide a 
flexible framework for planning and analyzing transit routes too.  
 
Studies have described the general data base requirements and guidelines for a transit 
GIS that can be used in multiple applications (Peng et al. 1995; FTA, 1996). 
Socioeconomic, demographic, housing, land use and traffic data can be modeled in 
GIS to identify efficient and effective corridors in which to locate routes (O’Neill et 
al., 1995). Automatic transit traveler information systems were also designed using 
GIS (Peng, 1997; Smith, 2000). Hence, GIS have been utilized for maintaining 
database, planning, and management of transits (Barua et al., 2001;Chen, 1998; 
Crowson et al., 1997; Koncz and Greenfeld, 1995; Trepanier and Chapleau, 2001).  
 
GIS applications for transit analysis have been mainly on ridership forecasting, service 
planning and market analysis (CUTR, 2001). Service area analysis estimates the 
population with access to transit using buffer tools for improving existing routes and in 
locating bus stops (Pulgurtha and Nambisan, 1999). Bus routing have been using the 
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shortest path tracing tools in the selection of routes by minimizing the travel costs 
along the routes (Azar and Ferreira, 1994; Ramirez and Seneviartne, 1996; Smith et al, 
1999). However, GIS capabilities have not been fully utilized in the planning of 
transits.   
 
GIS spatial analysis tools are used to create a buffer zone around transit routes and 
based on the percentage of spatial unit of analysis area, usually in terms of traffic 
analysis zones and census tract, which falls within the buffer zone the population with 
transit access, is estimated. While this is a technique commonly employed by transit 
authorities (Orange County Transport Authority, 2002; Jia and Ford, 1999; Crowson et 
al., 1997) in their planning applications it has several problems. First it considers 
Cartesian distance instead of actual walking distance. The actual walking distance is, 
in fact, usually longer due to barriers. Population and employment are assumed evenly 
distributed across the census tracts. In most cases a zone may have the same land use 
but density varies, or it may have different land uses with significant variations in 
density. 
 
Recognizing the problems underlying the buffer method, O’Neill et al. (1995) 
developed the network ratio method, which assumes pedestrian travel occurs on 
streets, and therefore a network based service area are defined using the network 
analysis capabilities of GIS. Using the user specified maximum walk distance the 
network tools determine the walk network around transit facilities. Additionally it is 
assumed that population is evenly distributed along the streets. Therefore, the 
proportion of the population within the transit service area was calculated as the ratio 
of the total length of streets that are within the ¼ mile walking distance to that of all 
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streets. The network ratio method could not account for land uses with different 
densities and could not handle barriers. It was Zhao (1998) who investigated the 
effects of man-made barriers and developed a modified network ratio method that 
provides a more accurate estimate of the population within walking distance of transit. 
 
However, natural barriers that affect accessibility such as gradients of the natural 
terrain have not been considered in any of the studies. Furthermore, all the above 
methods estimate the accessibility of routes by analyzing the transit service area alone 
and hence may propose realignments along routes with higher accessibility. This may 
leave out a certain proportion of the population who may not be in the service area of 
the realigned routes and at the same time depend only upon transit as their means of 
transport. Hence it is important to make sure that the route designed should be easily 
accessible to the whole population of the area considered. 
 
GIS could enhance the planning of bus routes. However, their use to date has been 
mostly restricted to inventorying of existing routes and analyzing of demographic 
variables around bus routes. Even though these analyses have value in themselves, 
there is an increasing need to develop specific models that utilize these GIS functions 
to improve the existing transit network or plan a new network that is effective in 
saving user and operator cost. In addition, the models need to be efficient in predicting 
the effect of changes in them. Such models while estimating the ridership arriving at 
routes, should be applied at the most disaggregate level and should take into 
consideration the man-made and natural barriers that affect transit accessibility. In 
formulating the algorithm for designing the bus route alignment there should be 
options to achieve a balance between user accessibility and operator cost.  
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1.2 Objective and Scope of Study 
 
The principle objective of this study is to develop a GIS spatial planning model that 
can design efficient and effective bus routes. To do so, factors influencing the 
pedestrian accessibility to transit paths have been modeled and studied.  Next, the 
implication of the model in designing a bus route that is optimal from users and 
operators point of view has been demonstrated. Finally, the model is applied to a real 
world and bus routes are designed for scenarios. 
 
The study focuses on modeling the influences caused by natural and man-made aspects 
in the selection of a route by the riders. The user and operator costs that have been 
considered for optimization in this study are the walking time to transit routes and the 
route length respectively. The bus network design problem has many planning 
approaches that require many different inputs for the areas considered. Further, in 
practice it depends upon other considerations such as policy, political, management, 
financial etc., which are assumed to be dealt with separately. Hence, the planning 
method proposed in this study will serve as a meaningful ‘first-cut’ procedure in the 
evaluation of proposals with available data. 
 
1.3 Organization of the Thesis 
 
The thesis is organized into six chapters. Chapter 2 presents an overview of the 
methodology adopted in the study. In Chapter 3, the GIS database set up procedure, 
which includes identifying data needs and their preparation, is described. Chapter 4 
Chapter One: Introduction 
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presents the methods for the development of GIS spatial planning model and its 
behavior. In Chapter 5, the usefulness of the model is demonstrated by presenting the 
application of the model to a real world area and the results it produced. The last 
chapter, Chapter 6, summarizes the thesis with conclusions and recommendations that 
have arisen from the study.  
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Recognizing the problems in the designing of transit routes, there is a need for a model 
to be developed that will better estimate the ridership and which can be used for 
determining the best route alignments for transits. Unlike the existing methodologies 
(Crowson et al.; 1997 O’Neill et al. 1999; Zhao 1998), the proposed model should take 
into consideration the effects of natural and man-made aspects that affect the 
pedestrian accessibility to transit routes. Significant efforts should also be undertaken 
to ensure that the model is flexible and useful in determining ridership and in 
designing transit routes so that it is possible to examine different network 
configurations and land use changes that may arise in the future (Hans and Souleyrette, 
1995). Furthermore, to prove the capability, the model behavior should also be clearly 
illustrated. 
 
The methodology consists of three phases as shown in Figure 2.1. The first phase 
describes the preparation of the model and its requirements. In the second phase, the 
model is developed and studied. The model is applied to a real world area and the 
results are presented in the last phase. A detailed description of the above-mentioned 
phases is presented in the following sections. 
 
 
         
Chapter Two: Methodology 
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• Define data needs 
• Setup GIS database 
• Cost Surface Modeling 
• Mapping accessibility 
contours 
• Link ridership determination
• Bus routing 
 
• Apply model for NUS 
campus 
• Design Bus routes for 
alternative scenarios 
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2.2 Model Setup 
 
The first phase in the methodology is to select a suitable GIS data modeling approach, 
which can best represent the study area. A brief review of the data models required for 
GIS database setup is presented. The software with comprehensive data modeling 
functionalities is selected for the development of the spatial planning model. 
  
This phase also involves defining the data needs of the model and the process of 
getting them inside the GIS. The required basic layers in terms of GIS input are roads, 
buildings and contours of the study area. In addition to this the other layers that may be 
needed for better results are the building links, man-made barriers, and any other 
secondary factors affecting transit access that are specific to the study area.  
 
All the above layers need to be with the required attribute information. The most 
important attribute information is the elevation levels of contours and the population 
data of the buildings as they are the primary inputs for the model. The centerline of the 
road needs to be coded from the road layer for GIS routing functions.  
 
For cost surface modeling, the aspects of man-made and natural factors affecting 
accessibility are to be represented as a GIS layer. The terrain surface is generated using 
spatial analysis tools of GIS with the contour layer as input. The other factors are 
added on to this surface, thereby to best represent all the spatial impedances 
experienced by an individual in accessing a transit. Further details of the tasks 
associated with the model setup phase are presented in Chapter Three. 
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2.3 Model Development 
 
This phase forms the core of the model and describes the manner in which the model is 
developed and illustrates the model behavior. The model development consists of 
development of accessibility contours, link ridership determination and routing as their 
stages.  
 
To develop accessibility maps or contours for each individual building, the cost 
weighted distance function of GIS is used with the modeled cost surface. The 
developed accessibility contours serve as the means to determine the ridership of all 
road links that fall within them. Further, in order for the ridership determination to 
include rider’s choice, a Multinomial Logit choice model is integrated. This model 
determines the probable ridership of each link accessible from the building considered.  
 
Finally using the above ridership of links, a methodology to design bus routes has been 
described. This routing method provides options for balancing user and operator costs 
as well. To illustrate the model behavior, several cases are studied. All the stages of the 
model development and illustrations are detailed in Chapter Four.  
 
2.4 Model Application 
 
The developed model is applied to the National University of Singapore campus. A 
brief description of the area is presented along with details of the data provided by the 
campus authorities. Then the model implementation part is clearly explained with 
stages of data conversion, data modeling, and data input. Several carefully designed 
Chapter Two: Methodology 
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scenarios are studied and the results are presented. The altering scenarios include 
changes in land use and road network along with model parameters. Details on these 




An overview of the methodology that is developed for a GIS spatial planning model 
capable of determining link ridership and designing transit routes has been presented. 
The structured methodology allows the model to be carefully developed and properly 
tested for real world areas that present altering scenarios because of land use and 
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CHAPTER THREE  
MODEL SETUP 
 
3.1 Introduction  
 
The setup phase of the model is important in preparing the inputs required for GIS 
modeling. A proper preparation of the GIS model involves the selection of the data 
models that would best represent the data needs of the application. The GIS data 
models determine the data requirement formats. The data needs identified for the study 
are to be collected in these formats. Most of the data needed are for the representation 
of the real world and hence the accuracy and quality of the data input will have a great 
influence on the model. With the absence of established GIS modeling approaches, this 
phase is critical for the model that aims to improve access to transit services. 
 
In addition to the description of data models available in GIS, this chapter also presents 
the requirements of GIS software and an overview of ArcGIS 8.2 that is used in the 
study. The data needs for this study and their required formats, data conversions and 
preparations to set up the GIS database are also explained. The last part describes the 
process of cost surface modeling using GIS models, which forms the primary input of 
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3.2 Data Models   
 
Spatial information in two dimensional real world can be presented in two ways: as 
vector data in the form of points, lines and areas (polygons) or as raster data in the 
form of uniform systematic organized cells. Hence, these form the basic data models of 
GIS. Several other data models used in GIS can extend the representation of a real 
world to include the terrain surface and movable objects. The digital representation of 
the terrain surface is called either a Digital Terrain Model (DTM) or a Digital 
Elevation Model (DEM) and the Network Model represents movable objects. 
 
3.2.1 Vector Data Model 
The basis of a vector model is the assumption that the real world can be divided into 
clearly defined elements where each element consists of an identifiable object with its 
own geometry of points, lines, or areas. In principle, every point on a map and every 
point in the terrain it represents is uniquely located using two or three numbers in a 
coordinate system, such as in the northing, easting, and elevation Cartesian coordinate 
system. 
 
3.2.2 Raster Data Model 
The raster data model represents reality through selected surfaces arranged in a regular 
pattern. Reality is thus generalized in terms of uniform regular cells. Geometric 
resolution of the model depends on the size of the cells. Raster data can be visualized 
as a grid lying over the terrain. Each raster cell has a code stored in the database 
describing the terrain within that particular cell. 
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3.2.3 Digital Elevation Model 
Any digital representation of the continuous variation of relief over space is known as 
digital elevation model (DEM). A digital elevation model is an ordered array of 
numbers that represent spatial distribution over elevations above some arbitrary datum 
in the landscape. It can be realized by linking height as an attribute to each point (x, y). 
The z-value of a new point is calculated by interpolation from the z-value to the closest 
existing points. This is achieved by using data structures based on single points in a 
raster or triangles covering a surface. There are various structures for DEM in use. 
Commonly used structures for DEM are: (a) Triangulated Irregular Network (TIN) (b) 
Grid  
(a) TIN  
The Triangulated Irregular Network (TIN) is a system designed by Peucker et al. 
(1978), for digital elevation modeling. It is an area model made of array of triangular 
areas with their corners stationed at selected points of most importance, for which the 
elevations are known. The inclination of the terrain is assumed constant within each 
triangle. The area of the triangles may vary, with the smallest representing those areas 
in which the terrain varies the most. The data format required may be points, lines or 
polygons. 
 
(b) Grid  
A systematic grid or raster of spot heights at fixed mutual spaces is also used to 
describe terrain (GRID 1994). Elevation is assumed constant within each cell of the 
grid; so small cells detail terrain more accurately than large cells. Point data with 
elevations are required to develop such surfaces.  
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3.2.4 Network Model 
A considerable part of the real world consists of movable objects. In order to realize 
this aspect of the real world in a GIS, this model has been developed. It can represent 
road systems, power grids, water supply and the like, but it is mainly used for road 
networks in this study. The geometry of the road network will be represented by the 
centerline of the road. This model assumes topological data built up of links (roads) 
and nodes (intersections). Attributes connected to these links and nodes specify the 
transfers (direction, closed roads etc), and resistances (due to speed limits, sharp curves 
etc). Once the model has been constructed, it is possible to trace the shortest route 
between points A and B with the lowest accumulated resistance and so on. 
 
3.2.5 Combination of Models 
Sections 3.2.1 to 3.2.4 described the different models that are used in representing the 
real world in a GIS. None of these models when used individually helps realize the real 
world completely.  However, combination of these models can be used for better 
representation. Thus, this study uses a combination of vector, raster, network and TIN 
models to represent the real world and to reflect the difficulty posed by natural and 
man-made aspects for bus users in reaching their bus stops.  
 
Integration of these data models can be achieved using appropriate GIS software, 
which help the user to visualize the spatial problems and the ability to navigate in a 
GIS derived information space. GIS software are under continuous development and 
there are many vendors in today’s market.  Section 3.3 discusses the requirements of 
GIS software needed for this study and presents an overview of the selected software.  
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3.3 Software for GIS 
 
In order to successfully develop the model, the proposed software should be able to 
support the above described data models. Further, they should have the capability to 
analyze these data and as well integrate user-defined models for decision-making. A 
rich library of routines or functions should be available to support all data models and 
analysis, which can be used in developing applications. GEOWorld (2003) lists 429 
companies producing GIS software throughout the world. Many of them are designed 
and developed for particular fields and functions. When it comes to a complete GIS 
package, only a few satisfy the requirements and the list of the most popular GIS 
software vendors worldwide are Environmental System Research Institute (ESRI), 
Intergraph, AutoDesk, and MapInfo.  
 
Among these, ESRI’s software offers a wide variety of analytical tools for all the data 
models. It supports an extensive array of data sources, display, and outputs. Using 
Visual Basic for Application (VBA), which is embedded within the software, 
customized applications can also be developed. In addition, it offers many spatial 
analytical functions for raster data that are not available with other software.   
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3.4 GIS Database 
GIS capabilities depend upon the way the database has been organised (Kroenke, 
1995; Healey, 1991; NCGIA, 1990). GIS database contains two main types of data. 
There are in fact two databases: a spatial database, containing locational data and 
describing the geography of earth surface features (shape, position), and an attribute 
database, containing characteristics of the spatial features.  
The Spatial Database 
The information contained in the spatial database is held in the form of digital 
coordinates, which describe the spatial features. These can be points (for example, bus 
stops), lines (for example, roads), or polygons (for example, buildings). The different 
sets of data will be held as separate layers, which can be combined in a number of 
different ways for analysis or map production.  
The Attribute Database 
The attribute database is of a more conventional type; it contains data describing 
characteristics or qualities of the spatial features, (for example, number of persons in 
the building). 
 
Hence, significant work needs to be done for the GIS database setup, prior to the actual 
modeling. The first step is to identify the data layers required for the study. 
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3.4.1 Data Needs for the Study   
To accomplish the objective using the outlined methodology, the main information 
requirements in terms of GIS layers are: 
I. Building layer:  
This requires a map showing exact locations of building and representation of their 
size in a suitable scale. The attributes required are the size or area of the building, 
type of the building, number of floors, population and its characteristics, etc. The 
above information is required to estimate the transit ridership of each building 
(explained in Section 3.7). 
 
II. Road layer:  
A locational map of roads with attributes like road geometry, road type, traffic 
direction, number of lanes are required. Generally, road maps show the actual road 
widths, but for GIS analysis, they need to be as a single line, and hence the center 
line map of the roads needs to be coded (detailed in Section 3.6). 
 
Further, the factors affecting transit accessibility need to be identified for studying 
their influence.  Several factors may affect accessibility to transit routes. Some act as 
barriers and others as promoters. These factors may vary according to the area as well. 
Therefore, the proposed model should be able to include all these factors. For the 
purpose of the thesis, the most common of the factors affecting transit access i.e. in 
reaching a bus route by walking from a building, have been grouped as 
1) Man-made aspects 
2) Natural aspects 
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3.4.2 Man-made Aspects 
Man-made aspects refer to features that are built by man. They include buildings, 
building links, roads, community walls, canal, bridges etc. Out of these roads with 
heavy traffic and community walls act as barriers of accessibility (Zhou et al. 2000), 
whereas building linkways, walkway bridges act as promoters of transit access. 
Buildings act either as barrier or as a promoter depending upon the type of the 
building, as some buildings allow public access and others may not. Hence, these 
factors that affect transit access need to be included in the GIS database. 
 
3.4.3 Natural Aspects 
Natural aspects refer to the features of the earth that include the slope or gradient of the 
terrain, water bodies, etc., which normally act as barriers. Surfaces can be modeled 
using data inputs such as elevation points, contour lines, and global positioning data. 
The resolution of these data i.e. the contour interval or the number of elevation points 
is critical as the surface generation process and the cost surface modeling depends on 
this.  
 
3.5 Study Area 
 
In order to illustrate the model development process and to clearly study the model 
behavior for the influence of the identified factors, a GIS database is setup for a 
hypothetical area, Figure 3.1. 
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Figure 3.1 Study area map with GIS layers 
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The area had been assumed to have all the factors that can be considered affecting 
transit access like the buildings that act as barriers, buildings that provide access, and 
building with linkages. Further, the terrain has been assumed with variations in 
elevations from 5 to 50m, which will allow studying the natural factors affecting 
accessibility to bus routes. Figure 3.1 shows the GIS layers that have been prepared for 
this set up.  
 
Nevertheless, these data layers may not be directly used for the study. The data should 
be modeled in such a way to represent the real world and as well to reflect the 
difficulty posed by natural and man-made aspects for the bus users in reaching their 
bus stops. Hence using these available data the advanced data models such as the 
network model to represent the roads and the TIN to represent the surface need to be 
developed, which are explained in Sections 3.6 and 3.8 respectively. Further, the 
attribute data required to determine ridership also need to be prepared for individual 
buildings and this is explained in Section 3.7. 
  
3.6 Road Centerline 
 
Generally, the digital data sources represent roads as two lines showing the width. 
However, for network modeling and analysis in GIS, roads need to be made of links 
(single line) and nodes (points) as explained in Section 3.2.4. Hence, to represent 
roads, their centerlines are digitized as links, and intersections as nodes. This process 
of manual coding of road centerline can be done using GIS editing tools. Care should 
be taken while digitizing intersections such that the different links are connected 
Chapter Three: Model Setup 
 
National University of Singapore                                                                               25 
properly as the decisions of route choice rely on that. This centerline road layer forms 
the base data for routing operations in GIS, which are used in the design of bus routes. 
 
3.7 Transit Ridership 
 
The basic approach to obtain transit ridership information has been by applying a 
comprehensive regional travel demand model, typically a four-step model. Although 
they are generally good at forecasting ridership, sometimes they are not as reliable as 
desired because of many assumptions often made due to lack of data (Azar and 
Ferreira, 1994). Moreover, the process of data procurement, model calibration and 
result validation is so complex, that simpler and special models for transit-only 
purposes (Smith 1979, Batchelder et al., 1983) have been produced. Azar and Ferreira 
(1994), have integrated such a model (Period Route Segment Model) with GIS, 
forecasted ridership along routes, and studied the spatial relationship between route 
alignments and demographic patterns.  
 
Similarly a suitable disaggregate model, which can estimate ridership of individual 
buildings based on the building attributes can be developed within GIS. Since this 
study focuses on the modeling of the factors affecting accessibility and the impact it 
causes, it has been assumed that the building’s ridership can be estimated using the 
population of the building and usage type of the building. For the study area, ridership 
data are estimated using the gross floor area i.e. by assuming the occupancy of the 
people per unit area. The estimated ridership needs to be included as an attribute in the 
building layer of the GIS database. 
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3.8 Creating Surface Models and Calculating Slope 
 
In order to model the natural aspects that affect transit accessibility the first thing that 
needs to be modeled is the surface or the terrain. Surface models allow storing 
information in a GIS. A surface model approximates a surface by taking a sample of 
the values at different points on the surface and then interpolating the values between 
these points. TIN model is adopted for this study since the input data can be points, 
lines or polygons. Some of these features should have z-values or elevations. In this 
study, the contour lines are given as input with elevation attribute as z-values and a 
TIN surface generated is shown in Figure 3.2. 
 
Figure 3.2 TIN surface modeled for the study area 
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However, creating a surface just alone may not be sufficient to model the natural 
aspects that affect pedestrians. It is actually the slope or gradient of a landscape that 
affect and hence a slope map needs to be prepared. Slope measures the rate of change 
of elevation at a surface location. If we define the elevation (z) of a point on the land 
surface as a function of the point’s position (x and y), then we can define slope (S) at 
the point as a function of the first-order derivatives of the surface in the x and y 
directions: 
 
S = 22 )/()/( yzxz ∂∂+∂∂        (3.1) 
 
The slope computing function in GIS thus helps to find areas that are steeper or flatter. 
This satisfies one of the main criteria of the model, as people generally prefer flatter 
terrain to steeper ones. By giving the generated TIN surface as input, the slope 
function actually converts them into cells or grids of specified size and then calculates 
the maximum rate of change between each cell and its neighbors. Every cell in the 
output raster has a slope value. Slope can be expressed as a percent slope or degree 
slope. Percent slope is 100 times the ratio of rise over run whereas degree slope is the 
arc tangent of the ratio of rise over run. The lower the slope value the flatter the terrain. 
Figure 3.3 shows the slope map that has been produced in degrees for the study area 
wherein the darker green shades indicate the flatter slopes or the places where people 
might prefer to walk for accessing buses and darker red portions indicate the places of 
steeper slope. Thus, the slope map produced reflects the influence of the natural terrain 
in accessing transit routes. However, man-made aspects will have an impact on the 
natural terrain and these are explained in Section 3.9. 
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Figure 3.3 Slope map of the study area 
 
3.8.1 Factors Influencing Slope 
The accuracy of slope measures can influence the performance of models that use 
slope as the input (Srinivasan and Engel, 1991). Therefore, it is important to examine 
several factors that can influence slope measures. 
 
Slope measures vary by the computing algorithm. Using a digitized contour map of 
moderate topography in Australia, Skidmore (1989) compared six algorithms, and 
reported that Horn’s (1981) algorithm and Sharpnack and Akin’s (1969) algorithm, 
both involving eight neighboring cells, were among the best for estimating slope. 
Based on that, Horn’s algorithm has been adopted in this study to calculate slope. 
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Horn’s algorithm uses eight neighboring cells and applies a weight of 2 to the four 
immediate neighbors and a weight of one to the four corner cells. Horn’s algorithm 
computes slope (S) at C0 in Figure 3.4 by 
 
e1 e2 e3 
e4 C0 e5 
e6 e7 e8 
 




853641 ++−+++++−++=  (3.2) 
 
where ei  are the neighboring cell values, and d is the cell size. 
 
The resolution of input data probably has a greater degree of influence on the accuracy 
of slope than the computing algorithm. The resolution in this study refers to the 
contour interval. Many studies have reported that accuracy and reliability of slope 
measures decreased with the decrease in resolution (Chang and Tsai, 1991; Gao, 
1998). Hence, a contour map of smaller interval would produce better measures of 
slope.  
 
The size chosen for a raster cell of a slope map depends on the data resolution required 
for the most detailed analysis. The cell must be small enough to capture the required 
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detail, but large enough so that computer storage and analysis can be performed 
efficiently. Before specifying the cell size, the following factors should be considered 
• The resolution of the input data  
• The size of the resultant database and disk capacity  
• The desired response time 
• The application and analysis to be performed 
 
Resolution increases as the size of the cell decreases; however, cost normally also 
increases in both disk space and processing time. However, if the input contour 
interval is 5m, setting a cell size less than 5m is not going to improve the accuracy of 
the analysis but it just increases the storage space (GRID 1994).  The most important 
of the factor is that the cell size needs to be set up based on the application and 
analysis that need to be performed.  
 
Since this study involves modeling the factors affecting walking access to buses, the 
cell size should reflect the distance or the measure, which the pedestrians may consider 
significant enough to alter their path. For instance if the cell size is set to be 20m, it 
would be assumed to have equal elevation all through the cell, which is not the case 
and people might alter decisions midway. In the case the cell size being set at 2m, it 
cannot be a measure that can alter decisions, however steep the path is. Hence, for this 
study, the nominal cell size can be fixed at 5m.  
 
The fixing of a cell value will influence the slope value calculated too. This sensitivity 
will vary with the surface profile of the study area. If the study area is comparably 
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flatter then a bigger cell size might not influence the slope value. If the area is 
undulating and consisting of ridges, then fixing a larger cell size may not reflect the 
rate of change of gradient. It will tend to represent only the average rate of change of 
gradient, which is inaccurate. However, the cell size fixed at 5m for this study is 
appropriate for most of the surface profiles. 
 
3.9 Cost Surface Modeling 
 
Measures of accessibility in general consist of a transportation element, which 
represents the impedance or difficulty of travel, usually measured by travel costs. For 
this study, the travel cost should be able to reflect the impedance of walking from a 
building to a bus route, as experienced by the traveler himself. Walking distance is the 
simplest and easiest to compute but it does not take into account the effect of barriers 
or the gradient of terrain. Walking time incorporates such effects. However, the 
computation of walking time along the walking space or surface should take into 
account the impedance caused by the factors affecting walkability. The factors being 
geographical in nature the walking time can be modeled as a grid surface in GIS, 
wherein each cell or grid reflects the difficulty or impedance of walking by having the 
cell value represented in terms of travel time. This is achieved using the GIS Models, 
which have been detailed in the section below. 
 
3.9.1 GIS Models 
According to Bonham-Carter (1994), a GIS model can be thought of as the process of 
combining a set of input maps with a function to produce an output map. Based on the 
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way the maps are combined together and the output that is required, there are two 
types of models that can be built entirely in a GIS. They are the binary model and 
index models. These models are the most basic and they generally serve as input to 
complex and specialized models that requires the coupling of GIS with other programs 
or models. In this study, the cost surface model developed serve as the input for the 
complex ridership determination model explained in Chapter 4.  
 
A binary model uses logical expressions to select map features from a composite map. 
The output of a binary model is in binary format: 1 (true) for map features that meet 
the selection criteria and 0 (false) for map features that do not. Siting analysis is 
probably the most common application of the binary model. For example, siting 
analysis determines if a unit area meets a set of selection criteria for locating a 
university campus, resort etc. However, for modeling the cost surface in this study, 
which requires an output that needs to have a value for each unit area or for each grid 
representing the difficulty or impedance of walking, a binary model may not be 
suitable. The index model satisfies the need and it has been adopted to model the cost 
surface and explained in the following section. 
 
3.9.2 Index Models 
An index model calculates the index value for each unit area and produces a ranked 
map based on the index values. An index model is similar to a binary model in that 
both involve multi-criteria evaluation and both depend upon combining a set of input 
maps. However, an index model produces for each unit area an index value i.e. the cell 
value rather than a simple yes or no. Thus for this study an index model can result in a 
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surface wherein each cell or grid represents the impedance of walking by having the 
walking time calculated as the index value. The primary consideration in developing 
an index model is the method for computing the index value, which is a finite discrete 
set.  
 
There have been different combination methods proposed and they are clearly 
explained by Hopkins (1977). The weighted linear combination method is probably the 
most common method for computing the index value (Saaty, 1980; Banai-Kashani, 
1989; Malczewski, 2000). Following the analytic hierarchy process proposed by Saaty 
(1980), the weighted linear combination involves evaluation at three levels. First, the 
relative importance of each criterion or factor is evaluated against other criteria. Many 
studies have used expert-derived paired comparison for evaluating criteria (Saaty, 
1980; Pereira and Duckstein, 1993; Jiang and Eastman, 2000). The criterion weights 
are expressed in percentages with the total equaling 100 percent or 1.0. Second, the 
data for each criterion are standardized. A common method for data standardization is 
linear transformation. For example, the following formula can convert interval data 






−=          (3.3) 
 
Where Si is the standardized value for the original value Xi, Xmin is the lowest original 
value, and Xmax is the highest original value.  
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Then the index value is calculated for each unit area by summing the weighted 















1            (3.4) 
 
Where I is the index value, n is the number of criteria, and wi is the weight for criterion 
i. 
 
There are many alternative methods proposed to the above weighted linear 
combination method. Weighted linear combination cannot deal with interdependence 
between factors (Hopkins, 1977). In this study, the natural factors affecting 
accessibility are dependent on man-made factors. For example, an accessible building 
or a linkway will ease the constraint posed by a steep slope. One solution to the 
interdependence problem is to use a non-linear function and express the relationship 
between factors mathematically.  
 
However, nonlinear function is usually limited to two factors rather than multiple 
factors as deriving the relationship among multiple factors and expressing them in 
mathematical form is felt complex. Another solution is the rule of combination 
method.  Using rules of combination, one would assign suitability values to sets of 
combinations of environmental factors and express them through verbal logic instead 
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of numeric terms (Hopkins, 1977). The rule of combination method has been widely 
adopted in land suitability studies (Steiner, 1983). 
 
Kiefer (1965) gives a simple clear-cut example of the rule of combination method. 
After mapping the factors, he rates the types within the factors. He then states the 
general rule that the rating of the worst factor in a given region overrides the rating of 
all other factors. The rating of the worst factor is thus assigned as the rating of the 
combination of types for the given region, though often with exceptions. Similarly, he 
identifies sets of combinations that are to be rated by different rules. Thus, instead of 
using the linear combination equation, the verbally expressed rules determine the 
composite ratings for the map. In this study as discussed earlier, the rating of the man-
made factors affecting accessibility need to override the rating of natural factors. Thus 
following the rule of combination method, a logical rule can be proposed for arriving 
at the index value or the walking time for each unit area. 
 
The need for data standardization often arises because of the need to integrate data 
measured not only in different units but also in different scales of measurement, such 
as nominal, ordinal, interval and ratio scales (Pereira and Duckstein, 1993). However, 
data standardization by linear transformation using Equation 3.3 can be done only for 
interval data, whereas for data that are nominal or ordinal, a ranking procedure based 
on expertise and knowledge can convert the data into a standardized range such as 0 to 
1, 1 to5 or 0 to 100. Pereira and Duckstein (1993) used expert-derived value functions 
for data standardization, with a specific, often non-linear, function for each criterion. 
Since the man-made factors in the study are not interval data, expert based walking 
Chapter Three: Model Setup 
 
National University of Singapore                                                                               36 
time can be used for them. A similar range of walking time value for the natural factors 
can be assigned for data standardization. For this study, the factor maps are rated with 
values of walking time from 1 second/meter to 5 second/meter representing the 
impedance i.e. steepness of slope or accessibility of buildings and linkways. 
 
For those buildings that act as complete barriers of accessibility, there are two ways of 
rating such areas. They can be either assigned a very high walking time or by 
completely masking them by not assigning any value. By assigning a high walking 
time and following the rule of combination method as they over ride the natural factors 
rating, the resulting cost surface would clearly indicate these areas as unit areas of high 
impedance or walking time. By not assigning any value to such areas, these areas 
would not be considered for combination and the resulting cost surface will have no 
cost for such areas (McCoy and Johnston, 2001). This study adopts the later method 
i.e. masks areas with inaccessible buildings from analysis. Based on the above 
discussions, adopting the rule of combination method and by using expert-based values 
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Figure 3.5 Cost surface modeling 
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Figure 3.6 shows the cost surface resulting from the combination of slope, buildings 
and building link rasters as factors. In open spaces, the expert-based walking time 
based on steepness of slope represents the cost. Places of individual buildings assumed 
to be without access have been masked out (white areas). In places where accessible 
buildings and links are present, the expert-based walking time overrides the slope 
based walking times and results in lower walking time values. Thus, the cost surface 





A review of the data models in GIS and their required data formats is discussed in this 
chapter. This enabled to identify data in formats compatible to the data models and 
further convert certain data, which were not. The database provides model with the 
necessary data required for studying the factors affecting transit access, which is 
discussed in the next chapter. The database setup plays an important role in the 
development of the model that is flexible and useful for studying the factors affecting 
transit access and for designing bus routes. 
 
 






Existing models to determine the accessibility of riders to a bus route fail to take into 
consideration the effects of natural and man-made aspects that affect pedestrian 
accessibility. This limitation is overcome by the use of advance spatial functions of 
GIS and the cost surface modeled in Phase 1. A GIS spatial planning model carefully 
developed will be able to better estimate the accessibility of pedestrians and design 
transit routes accordingly.  
 
This chapter describes the formulation and behavior of the model in detail. Using the 
cost surface modeled accessibility contours are mapped for the buildings. These 
contours determine the links that are accessible from a building and assign them an 
accessibility value based on the contour interval they fall in. The ridership of each 
building is then transferred to the links that fall within the accessibility contour based 
on the accessibility value and the rider’s choice. The multi-nomial logit model that is 
integrated determines the rider’s choice probability. Using the resultant link ridership 
as demands for the various links of the road network, an alignment for the bus route is 
designed. The bus route designed will take a balanced consideration of both the user 
cost (the accessibility of the users) and the operator cost (route length).  
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4.2 Model Overview 
 
It has been explained that the proposed model would be capable of determining the 
ridership arriving at various links of the road network from various buildings. Based 
on this ridership the bus routing algorithm designs routes, which is detailed in section 
4.6. The above processes have been programmed using Visual Basic for Applications 
(VBA) and the GIS functions, which the software possesses. For determining link 
ridership the program takes in the building layer with ridership; maps accessibility 
contours for a particular building using the cost weighted distance function and cost 
surface; and determines the probable ridership of accessible road links from that 
building using Multinomial Logit Model (MNL) as shown in Figure 4.1. It repeats the 
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4.3 Development of Accessibility Contours  
 
In order to determine the ridership at various links of the road network, the need is to 
know the number of people preferring a link. It is definite that a rider from a building 
will not randomly choose any link of the road network. The effects of distance, natural 
and man-made aspects that affect his ease of accessibility will influence his choice. 
Hence, for each building there should be a certain set of road links, which can be 
accessed preferably by the bus riders. For determining such accessible set of links for a 
building, accessibility contours are mapped.  
 
Euclidean distance mapping can be used to map accessibility contours based on 
distance only. Various algorithms for Euclidean distance mapping are also available to 
efficiently compute true Euclidean distance in discrete raster space (Dannielsson, 
1980; Borgefors, 1986; Eastman, 1988). Many transit authorities use these algorithms 
to create distance buffers and calculate accessibility. However, these cannot handle 
barriers or any of the influence of natural and man-made aspects.  
 
The modeled cost surface could clearly show the varying cost of traveling based on 
walking time (tw) in seconds/meter. People generally prefer to use only such paths that 
lead to road links along the cells that have the least travel time. Hence, it will be 
realistic if accessible contours are mapped along the least cumulative cost surface and 
the links that are accessible from a building are thereby determined. In order to map 
such accessibility contours that can represent the least cumulative cost of walking from 
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each building taking into account the factors affecting accessibility rather than just 
distance, the cost weighted distance mapping can be utilized. The following section 
clearly explains the concept of cost weighted distance mapping. 
 
4.3.1 Cost Weighted Distance Mapping 
Using the cost raster and the source, the cost weighted distance mapping results in an 
output raster in which each cell is assigned a value that is the least accumulative cost 
of getting back to the source (McCoy and Johnston, 2001). For this study, the cost 
raster is the cost surface that is modeled in the setup phase and the source is any 
particular building, which has a potential ridership. Now using this cost layer, cost 
distance mapping totals the cost as it crosses each cell from the source, assigning a 
cumulative cost to each cell in a new layer it creates. The cost is calculated from cell 
center to cell center; therefore, the cost to travel from one cell to the next is the sum of 
the cost multiplied by half the cell size.  
 
Assuming the cost raster modeled with cell size ‘d’ meters as a matrix made of ‘i’ rows 
and ‘j’ columns, the cell corresponding to the source location has tw of Xij 
seconds/meter and the accumulative cost computed to be as Cij seconds. The 
accumulative cost for all adjacent cells of the source cell is calculated using the 
equations below. 
 
For the horizontal neighbor cells 
Cih = (d/2)*(Xij + Xih)         (4.1) 
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where, h = j+1 or j-1 
 
For the vertical neighbor cells 
Cvj = (d/2)* (Xij + Xvj)          (4.2) 
where, v = i+1 or i-1 
 
For the diagonal neighbor cells 
   Cd1d2 = (1.414*d)/2 * (Xij + Xd1d2)        (4.3) 
   where, when d1= i +1; d2 = j+1 or j-1 and when d1 = i-1; d2 = j+1 or j-1 
 
However, these cumulative cost values may not be assigned to the cells even though 
this is the shortest by distance. The inclusion of cost creates many paths connecting a 
cell and the source cell, each with a different accumulative cost. Hence, these values 
will be compared with other ways of traveling to the cell and the lowest value will be 
assigned. It is possible for a neighborhood cell that is located diagonally to be reached 
alternatively by a longer path i.e. moving horizontally a cell and then vertically, which 
may sometime yield a lower cost and hence that value is assigned. Thus, the algorithm 
for finding the least accumulative cost follows an iterative process (Menon et al., 1991; 
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Figure 4.2 Iterative algorithm of cost distance mapping 
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The cost distance mapping procedure can also be limited to certain area from the 
source by specifying a maximum cost after which it stops calculating the cost distance 
when all the cells within the specified cost have been assigned a value. For this study, 
the source is any building and the maximum cost is the maximum walking time 
tw(max) a rider would consider to reach a bus route. Studies have shown that 80% of 
the riders would prefer walking a maximum distance of ¼ mile or 0.4 kilometers 
(Hsiao et al., 1997). Assuming the average walking speed of riders as 1 meter/second, 
the tw(max) is equivalent to 400 seconds. Hence the cost distance mapping can be 
limited to a value less than 400 seconds. 
 
The above method ensures that the lowest accumulative cost is guaranteed for each cell 
(Menon et al., 1991; Zhan et al., 1993). Using the cost surface modeled for the study 
area that has costs of the cell in terms of tw, the cost distance mapped for a particular 
building with tw(max) = 250 seconds is shown in figure 4.2. Further, Figure 4.3 shows 
the irregular shape of the cost distance mapping which reflects the reach of riders for 
various tw  under the influence of factors affecting accessibility. 
Chapter Four: Model Development 
 
National University of Singapore                                                                               47 
 
 
Though every cell in the cost-weighted distance map is assigned a value that represents 
the sum of the minimum travel costs, they need not be individually categorized based 
on it. It is assumed that riders will not be so sensitive to alter their path for small 
Figure 4.3 Cost distance mapping 
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variations in the tw leading to routes. The cell values can be reclassified or ranked to 
certain range of say 1-5, where 1 represents the contour interval of highest accessibility 
and 5 represents the least. However, the reclassified cost distance map will also be a 
raster, which needs to be converted to a vector for overlaying operations involving to 
find the links that fall within the contours i.e. the accessible links, as explained in 
Section 4.4. The resulting accessibility contour map will be as shown in the Figure 4.4. 
 
 
Figure 4.4 Accessibility contour mapped for a building 
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4.4 Link Ridership Determination 
  
Having mapped the accessibility contours for individual buildings, the next step is to 
determine the ridership arriving at various links that fall within the contours. The 
accessibility contour may overlay more than one link of the road network and each link 
may fall within different portion of the accessibility map i.e. at different contour 
intervals. Since each contour interval has a different value of accessibility, the links 
that fall within various intervals are assigned with the respective accessibility values. 
Hence, with links of varying accessibility values available for the people to choose, 
there is a need to determine the choice of the people in choosing a particular link. It 
may be obvious that the links that fall within the contour interval of higher 
accessibility has the better probability. However, when more than one link falls within 
the same interval, people may choose any link. Further, even if a certain link has better 
accessibility value some people might choose the lower one based on their own 
preference. Hence, to represent these choices of the people in the model a choice 
model is integrated. 
 
There are many available choice models but logit models are the most suitable and 
proven. Since the chosen set of links that fall within the accessibility contour may be 
more than two, leaving the riders with options for many alternatives, a multinomial 
logit model is proposed. The following section gives an overview of the MNL model 
and explains the process of its integration into GIS to determine the link ridership. 
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4.4.1 Multinomial Logit Model 
A choice model formulation based on the principle that individuals maximize utility in 
choosing among available alternatives is a logit model. The logit formulation involves 
specifying a utility function for each individual, with a deterministic component (that 
is, one which depends on characteristics of the alternatives) and a stochastic 
disturbance (or error term). A logit model of choice, between more than two 
alternatives is a multinomial logit model. The most important property of MNL is that 
the ratio of one probability over the other is unaffected by the presence or absence of 
any additional alternative in the choice set (Lauce and Suppes, 1965). In this study, the 
choice is a set of links. The Multinomial logit model estimates the probability or the 
maximum likelihood that a person will choose a particular link based on its 
accessibility value or utility:   
The probability of choosing a link ‘i’ by an individual ‘n’  
 
Pin = exp(- Vin ) / Σj exp(- Vjn )        (4.4) 
 
where the sum in the denominator is over all available alternatives (the set of links 
with different accessibility values) and the utility function (Vin) in this study depends 
on a single variable i.e accessibility value and is expressed as 
 
Vin = βXin             (4.5) 
 
where β is the coefficient and Xin is the accessibility value of link ‘i’. For this study, the 
value of β has been assumed to be as 0.2  
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4.4.2 Integration of the Model into GIS 
GIS database could be integrated with user-defined models and analytical tools tailored 
for a particular domain. This allows complementary linkages between general purpose 
geographic information processing tools and special purpose models. However, the 
integration is not always simple (Burrough et al., 1998; Kessell, 1990; Lewis, 1990; 
Nyerges, 1992). 
 
Lewis (1990) identifies different options for integrating GIS and land-
use/transportation (LUT) models. More generally, Goodchild et al. (1992) discuss 
three alternatives to coupling GIS with models. They are: 
1) Tightly Coupled: GIS and model share a common interface and the model is 
embedded within GIS software.  
2) Closely Coupled: The model is created as a program in the GIS software’s 
scripting language and then coupled. 
3) Loosely Coupled: GIS and the model have separate interface with a link that 
allow transfer of data between them.  
 
For this study, a close coupling is followed and the MNL model is integrated with the 
GIS database. Hence, the model will be able to determine the probability that a link 
will be chosen if the link has a certain accessibility value (utility value). From the 
MNL model (Equation 4.4), it is clear that if this utility value is less, then the 
probability is more i.e. the link in the first accessibility interval from the building will 
have more probability of being chosen.  
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Using the probability (Pin) calculated for each link and the ridership (Rj) of the building 
‘j’, the probable number of riders (Nir) who would choose that particular link ‘i’ can be 
determined as shown below. 
 
Nir = Pin * Rj              (4.6) 
 
Thus the Pin and Nir for all the ‘i’ links that fall within the accessibility contour map are 
determined.  
 
The model repeats the accessibility contour mapping and link ridership determination 
process for all the buildings of the building layer. In this process, some links will have 
the ridership coming in from different buildings. In such cases, the riderships are 
summed up to reflect the importance of the road to the buildings. Thus, the model 
determines the ridership for all the links. 
 
The ridership distribution will vary according to the shape of the accessibility contour 
mapped, which is based on the modeled cost surface. Hence, for the various factors 
considered or left out in the cost surface modeling, the distribution of the ridership will 
also vary. Using this, the following section studies the impact of distance, man-made 
and natural aspects on transit accessibility by means of the link ridership distribution 




Chapter Four: Model Development 
 
National University of Singapore                                                                               53 
4.5 Model Behavior 
 
To study the model for the impacts or effects of natural and man-made aspects 
affecting transit accessibility, four cases have been considered for studying. Cases have 
been designed in such a way to study the model behavior i.e. accessibility contour 
mapping and link ridership distribution, for the inclusion and combination of different 
factors. The cases cannot be designed for studying the influence of individual factors, 
as they are interdependent. For example building link is a factor of impact only when 
there are some barriers which affect walking or access to people.  
 
The factors that have been considered for this study are: 
1) Distance 
2) Slope or Gradient 
3) Buildings  
4) Building Links 
 
Case 1: Distance 
The basic measure of accessibility i.e. distance alone is considered in this case. Hence, 
the accessibility contours are mapped based on straight-line distance for 250 meters as 
shown Figure 4.5.   
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 Figure 4.6 Case 2: Cost surface and accessibility contour mapped for a building 
Figure 4.5 Case 1: Straight distance contour mapped for a building 
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Case 2: Distance and Slope 
In this case of the study in addition to the distance factor that generally affects 
accessibility, the natural factor affecting are also included i.e. the slope or gradient. 
The gradient of the terrain affects the accessibility of the people. The routes that have 
been easily accessible in the earlier case may not be with the inclusion of the slope 
factor. Hence, people of different buildings may be confined with lesser number of 
routes i.e. the routes that are accessible walking through a flatter terrain. A cost surface 
model reflecting the gradient factor and the accessibility contour mapped for a 
particular building are shown in Figure 4.6. From comparing the accessibility contour 
mapped with the earlier case it is very clear that the gradient of the terrain affecting the 
accessibility has been taken into consideration and so it is confined. 
 
Case 3: Distance, Slope and Buildings 
For this case one of the basic man-made factors affecting accessibility, i.e. the 
buildings are also taken for the influence in addition to the gradient of the terrain. To 
model a cost surface in this case, an assumption is made that the buildings in the study 
area do not provide access, and act as barriers. Hence, the cost surface that is modeled 
for the earlier case has been retained and the surfaces of the building locations are 
masked out, Figure 4.7. Thus, this restricts the mapping of accessibility contours in 
those areas and the distribution of ridership.  
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Figure 4.7 Case 3: Cost surface and accessibility contour mapped for a building 
Figure 4.8 Case 4: Cost surface and accessibility contour mapped for a building 
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Case 4: Distance, Slope, Buildings and Building Links 
This case considers all the factors that have been identified and used for this study. The 
building links helps riders in accessing bus routes. They help to overcome the barriers 
that are caused by natural factors. Hence, in modeling the cost surface for this case, the 
surfaces where the building links are present and buildings they connect are given 
lesser walking time, Figure 4.8. The accessibility contour mapping is wide spread 
when compared with the earlier two cases making it further clearer that influence of 
accessibility promoting factors have been taken into account and thus representing that 
the people’s accessibility has been increased and more people have chosen different 
links.  
 
The ridership distribution resulted from the above cases have been presented as a line 
graph, Figure 4.9. For case 1, as there is no influence of any factor, the ridership has 
been distributed evenly to all the links. For cases 2 and 3 due to the effect of barriers 
i.e. slope and buildings, the ridership distribution has been confined to fewer links and 
resulted in wide scattering of ridership values i.e. certain links are distributed with 
more riders, while some are least distributed. In case 4, wherein some of the promoters 
of accessibility have been included along with the barriers, allowed the riders to access 
more number of links and the distribution scattering is reduced. Thus, the model 
behavior proves to be valid in simulating the ridership arriving at links under the 
influence of various factors considered affecting transit ridership. Based on the link 
ridership distribution produced different bus route alignments may be obtained. Hence, 
for the bus routing procedure explained in the next chapter, case 4 that best describes 
the study area is considered.      
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4.6 Bus Routing 
 
The link ridership estimated by the model help realize the demand at each link of the 
road network. Using this demand the best path for the buses are designed. The best 
path for the users in terms of accessibility would be the one that covers all the links of 
the road network, but for the operators it may be the worst. The best path for the 
operators in terms of cost would be the one that is shortest, but this generally may not 
be easily accessible for all the users. Hence the objective of this bus routing procedure 
is to design a route which is optimum from both users and operators point of view i.e. 
to design a route which is shorter for the operators and easily accessible to all users. 
 
Route generation in the approach by Ceder and Wilson (1985) is accomplished by first 
defining an origin and destination. Many possible routes from origin to the destination 
are then created. The routes are then graded based on costs and customer service 
criteria. The route that scores the highest grade becomes the new route. The 
disadvantage of this method is that the number of possible routes is exponential. The 
probability of finding the optimal or close to the optimal route is virtually impossible 
with a large bus route. Van Nes et al. (1988), created a model that creates a complete 
network using a set of individual routes with different origin and destination as input. 
However, the individual routes that are input to the model are determined manually or 
based on the Ceder and Wilson (1985) method. 
 
Bus routing in GIS has primarily been using the shortest path analysis.  Shortest path 
analysis finds the path with the minimum cumulative impedance between nodes on a 
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network. It follows an iterative process (Dijikstra, 1959) of finding the shortest 
distance. However, designing the shortest path may not necessarily serve all the users. 
To improve upon this the Traveling Salesman Problem, a more complex form of 
shortest path analysis wherein the route must visit each of the selected stops is utilized. 
A common solution to the traveling salesman problem uses a heuristic method (Lin, 
1965). Ramirez and Seneviratne (1996) proposed a bus routing methodology, which 
uses two conflicting attributes i.e. ridership and distance as the weights of the paths. In 
that method a generalized impedance factor of travel through any link in the network is 







C ∗= max          (4.7) 
 
where  mk = ridership of link ‘k’ 
 mk (max) = maximum value of mk for all links, and 
 lk = length of link in kilometers. 
 
Equation 4.7 satisfies the criteria of maximizing potential ridership and minimizing the 
distance traveled by weighing each link’s length based on the potential ridership of the 
link. The more the ridership of a link, Ck equals the link length. Suppose the ridership 
is less by certain times over the maximum ridership of a link then the link length 
accordingly increases and thus Ck is increased. With Ck as the factor and for a given 
origin and destination, the shortest path algorithm will choose a final route alignment 
satisfying the following expression  
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kCMin           (4.8) 
 
Thus by minimizing the above expression, the route alignment increases the potential 
users with a slight increase in route length. However, the route may not be justified 
accessible to all the riders though it increases the ridership.  
 
Hence the best route for users would be the one that follows an alignment in such a 
way that every building can easily access to at least one link of it. However, for the 
operators such a route may be lengthy if the user’s tw to routes is assumed very less. 
Hence, in such cases, people will be assumed to walk a bit longer and the routes 
altered which may reduce route length. Having the above concept as the basis, a new 
algorithm for bus routing is developed and shown in Figure 4.10.  
 
For any given origin and destination the first step is to determine the shortest path. 
Fixing this route as the designed network, the link ridership model is run to produce 
the output. All the links of the shortest path will now have an assigned ridership (mk). 
The total sum of the ridership for this route (mk(sum)) is calculated. The sum is 
checked with the total sum of the individual ridership (mb(sum)) of the buildings. If 
they are equal then all the riders of the study area are able to access the designed route 
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Figure 4.10 Flowchart for bus routing 
 
This value of tw(max) decides the mapped area of the accessibility contour for each 
building. If tw(max) is greater then the accessibility area is also going to be greater. 
Suppose if mk(sum) < mb(sum) then it indicates that certain riders are not able to access 
the route i.e. the designed route does not fall within the accessibility contour mapped 
for certain buildings. In that case either the route length (lr) has to be increased or the 
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intermediate destination 
 *User Access = 100% if  
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   lengths of optimal route   
Chapter Four: Model Development 
 
National University of Singapore                                                                               63 
If lr can be increased then a link with maximum ridership mk(max)  is selected as an 
intermediate destination. For the same origin and destination a new route is designed 
based on the traveling salesman algorithm, which forces the route through the selected 
link and as well the shortest.  The reason for choosing mk(max) is that more number of 
buildings is accessible to this link. Hence by forcing the route through the link makes 
the bus route accessible to many buildings. Now for this newly designed route the 
check is performed for total ridership. If mk(sum) < mb(sum), the link with the next 
maximum ridership is also selected and a new route is designed. This time the route 
would serve the two links in the best order and shortest. The check is performed again 
and the process is repeated until the ridership equals. Once they become equal, the 
route is fixed as optimal from user point of view. 
 
However, if the above route that is fixed is too lengthy to serve for the operators due to 
constraints in the fleet size etc, then the lr will need to be fixed at a certain stage. 
Thereafter it is tw(max) of the people to the bus route has to be increased. If suppose 
the route has been designed for tw(max) = 250 seconds, then it can be increased to 300 
seconds. This increases the accessibility contour area that is mapped for the individual 
buildings and hence farther links are accessible. As earlier the check for the total 
ridership between the route designed and buildings are done. If they are not equal then 
the walking time can still be increased and checked for ridership. Once they become 
equal, the route is fixed as optimal for operators. Hence, by using the above process, a 
balance can be achieved between users and operators optimal and thus a final route 
alignment can be obtained. 
 
Chapter Four: Model Development 
 
National University of Singapore                                                                               64 
To illustrate the method of bus routing using the study area, two of the links have been 
chosen as the origin and destination of the route to be designed, symbolized by green 
colored squares as shown in Figure 4.10. The transit path designed fixing the tw(max) = 
250 seconds for the various iterations are traced as shown in Figures 4.11, 4.12 and 
4.13. The percentage of user access achieved in different iterations is presented in 
Table 4.1. 
 
If the lr traced in Iteration 3 does not pose any constraint to the operators then final 
alignment of the bus route is fixed as in figure 4.12 and if it does then the route traced 
in Iteration 2 can be fixed and the tw(max) for which the accessibility contours are 
mapped can be increased to 300 seconds. If the user access of 100% is achieved then 
that route can be fixed, provided the user community accepts the tw(max) = 300 
seconds to reach a bus route. 
 
Figure 4.11 Iteration 1: Transit route designed for study area 
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Figure 4.12 Iteration 2: Transit route designed for study area 
 
 
Figure 4.13 Iteration 3: Transit route designed for study area 
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Table 4.1 Summary of route length and user access for iterations 
 
Iteration Route length (m) User access (%) 
1 875.95 54.18 
2 1174.45 73.14 






A model to determine the probable ridership of road links based on the factors 
affecting accessibility to transits has been developed. The model’s efficiency in 
simulating the link ridership under the influence of various factors has been clearly 
studied and illustrated. A model to design bus routes based on the link ridership 
determined is also developed. The ability of the model in designing a bus route that is 
optimal for users and operators has been clearly demonstrated. In the following 
chapter, the application of the model to a real world area for altering scenarios will be 
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The GIS spatial planning model developed establishes the relationship of bus routing 
with the gradient of natural terrain, land use, and population variables. Its behavior 
under the influence of above factors and its ability in determining the best transit 
alignments are clearly illustrated. However the development of the model can only be 
justified by applying it to a real world area and produce useful results. 
 
This chapter applies the developed model to the National University of Singapore 
campus and produces an optimal bus route design for its internal shuttle bus service. 
To illustrate the flexibility of the model some alternate scenarios of the campus are 
proposed and the results are presented. 
 
5.2 Application Area 
 
The application area of the model is the Kent Ridge campus of the National University 
of Singapore (NUS), Figure 5.1. It is located at the western part of the country, with a 
land area of about 150 hectares. One of the most pronounced characteristics of the 
Kent Ridge Campus is that it is situated on a ridge, approximately 80 meters high. The 
total campus population is about 38,500, comprising 32,150 students and 6,350 faculty 
and staff in the current year. 
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Figure 5.1 Layout map of National University of Singapore campus
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To cater for this population the campus depends upon internal shuttle buses as the 
main mode of transport. Though the staff have their own mode of transport, the student 
population depend only upon the shuttle buses provided by the campus for their 
movement. The campus curriculum also favors students to take up cross faculty 
modules that necessitate them to move to various faculties in an interval of 15 minutes 
provided between classes, which can be met only by buses considering the distance 
between faculties. 
 
The unfriendly terrain of the university does not allow the campus planners to design 
for alternate modes of transport for students such as bicycles. The pedestrian linkages 
are also difficult to design for such terrains and far apart faculties. The existing route 
alignment for the shuttle bus services is as shown in Figure 5.1. The alignment has 
been basically fixed by trial and error and no prior studies have been done for the 
accessibility of students to such routes. Due to the above problems the NUS campus 
has a need to have the best alignment for bus routes, which are easily accessible to the 
student community and at the same time of shorter route length to cater for the travel 
time and the operator constraints. 
 
The University master planners are also constantly working for the development of the 
university by proposing alternative plans. These also require alignment of bus routes 
for various layouts to help their planning process, which could be provided by the 
developed model. But for the model to produce results, the data variables required are 
to be identified for the NUS campus. The following section identifies such planning 
parameters and a brief description of modeling them is also presented. 
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5.3 Planning Parameters 
 
5.3.1 Road Network 
The campus has a total of 24.5 km of roads, Figure 5.1. These are made up of 3 major 
roads, and 10.3 km of local roads that provide a connection between the major roads 
and the main campus buildings. The major roads with a total length of 14.2 km, link 
the campus to its immediate neighborhood, and also serve as the main circulation route 
within the campus itself. It is from this network of major and minor roads, the model 
needs to design the best alignment for campus internal shuttle bus service serving the 
campus community. However there are certain minor roads with geometries that may 
pose constraints for the bus operators to drive through and can be eliminated during the 
network coding process. 
 
5.3.2 Land Use 
The campus land use mainly comprises of man-made structures such as buildings and 
building linkages. The usage of these buildings determines the land use. The buildings 
in the campus have been grouped into following categories based on their usage: 
1) Academic buildings such as Faculties and Schools 
2) Research Buildings such as Research Institutes 
3) Support/Service buildings such as Estate Office 
4) Residential Buildings such a Student Hostels 
The faculty buildings are internally well connected by linkages and hence serve as an 
easy corridor for the people to move and overcome natural barriers in reaching bus 
routes. Whereas research buildings and certain support buildings do not provide public 
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access and thus act as barriers for traversing. Thus while modeling the cost surface to 
represent the walking time these characteristics of the buildings should be reflected. 
The bus route designed by the model should be able to serve the above buildings and 
thus provide a seamless connectivity for the campus student community. 
 
5.3.3 Natural Terrain 
The campus as situated on a ridge poses an unfriendly terrain for the movement of the 
people. The contour of the campus shows elevations from 5 meters to 85 meters. 
Further the ridge is very undulating that the variations of the elevations are also steeper 
with gradients of even more than 75 degrees for a distance of 5 meters. This factor thus 
affects the accessibility of the students to bus routes to a greater extent. Hence the 
model should be able to consider this and design a bus route, which is easily accessible 
traversing a flatter terrain. 
 
5.3.4 Population 
Student population in the campus accounts for nearly 85% of the total population. 
There will be a 60:40 mix of local and foreign students respectively. 20% of the 
student population resides inside the campus and the rest outside. The resident student 
population mostly being foreigners doesn’t have their own mode of transport and 
depend upon internal buses for reaching faculties. Most of the students living outside 
except for few local students (10%) depend upon the public transport for traveling to 
the university. These public transport services serve only a few major destinations and 
only along the major corridors of the campus. For both these populations to move 
across various faculties for cross curriculum studies and to buildings that support and 
serve them, they again depend upon internal shuttle buses. Hence the bus route 
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designed by the model should be able to serve this student population with easier 
access and also connect their origins and destinations within the campus in a shorter 
travel time. 
 
5.4 Model Implementation and Results 
 
5.4.1 Input Data 
The required input data for the model in terms of GIS layers are prepared as explained 
in Chapter 3. A CAD Site Plan of NUS provided by the university is used in preparing 
the building and building links layers. Further using the same, the centerline road 
network is coded. The road geometry was taken into consideration and hence those 
roads that are felt unfeasible for the buses to ply are not digitized. The university 
provided the Gross Floor Areas (GFA) of all buildings and the estimate of the 
population (staff and students) in each building according to their usage as occupancy 
per person. Student population estimated for each building is used as ridership data. 
 
The contour map for the campus is obtained from the Mapping Unit of Singapore. The 
CAD map with contour interval of 5 meters is then converted to a GIS layer and 
elevations entered as its attributes. Using this as input the TIN surface for the campus 
is generated. Hence for the NUS campus these are the data layers prepared as input to 
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Figure 5.2 GIS data layers prepared for NUS 
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5.4.2 Cost Surface 
Using the above data layers the cost surface is modeled as detailed in Section 3.8. The 
cell size is set at 5 meters considering the terrain and other factors explained in Section 
3.8.1. The slope map produced had variations of gradients from 0 degree to 85 degrees. 
The walking time required to traverse a meter is assumed based on the degree of slope 
and are as shown in Table 6.1. For the linkways and buildings that provide access, the 
walking time has been assumed to be 1 second/meter and 2 seconds/meter respectively. 
Based on the above setting and assumption the cost surface modeled is as shown in 
Figure 5.3 
Table 6.1 Average walking time for slope categories 
Slope (degrees) Walking time in seconds/meter 
0 -3 1 
>3 - 8 2 
>8 – 15 3 
>15 – 25 4 
>25  5 
 
5.4.3 Link Ridership 
Having the modeled cost surface, and the other layers required for link ridership 
determination i.e. buildings with population and road, the model is run. Accessibility 
contours are mapped for a tw(max) = 250 seconds and the MNL parameter β is 
assumed to be 0.2. The link ridership distributions produced are as shown in Figure 
5.4. 



















Figure 5.3 Cost Surface Modeled for NUS 








5.4.4 Bus Route 
The terminals for bus routing are fixed as the existing shuttle bus terminals. The model 
produced the best alignment for the bus routes. Students in any of the building in the 
campus will be able to reach the bus routes within a tw(max) = 250 seconds because of 
the improved service coverage. The route length is further curtailed by removing cul 
de sacs considering the operator constraint, which is simultaneously checked for user 
access. If the elimination of such links does not increase the walking time of users they 
are removed from the route alignment and if it does they are retained. The final route 
alignment is shown in Figure5.5.  
Figure 5.4 Link ridership distributions for NUS 



















Figure 5.5 Bus route designed for NUS 
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In order to compare the newly designed route alignment with the existing, the model is 
run using the same setting to determine the user access for the existing bus route 
network. It is found that the existing alignment serves only 87% of the population, 
whereas the new route serves 100%.  Further, the route length to be served by the 
operator in the new design is reduced to 5646m from 5777 m (existing). Hence, the 
route alignment obtained using the developed model could provide better coverage 
than the existing by improving the accessibility of the users and at the same time 
reducing the operator cost. 
 
5.5 Alternative Scenarios  
 
One of the main issues in university planning is the need to expand its facilities within 
the constraints of the campus to cater for an increasing student population. In order to 
achieve their objective, a redevelopment of the campus may be necessary and this will 
require a change in land-use and redesign of road networks. 
 
5.5.1 Scenario 1: Land use changes 
To illustrate the application of the model, an alternative campus land-use layout is 
proposed as shown in Figure 5.6. This involves relocating the two student hostels on 
the northern part of the campus to the eastern part, while the library building is moved 
to the existing site of the hostels. The impact of the proposed land use on the link 
ridership distribution is presented in Figure 5.7. In the figure the blue colored links on 
the campus roads represent the increase in ridership while red colored links represent 
the decrease. The road alignment for this scenario is presented in Figure 5.8. 
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Figure 5.6 Campus layout for scenario 1 
Figure 5.7 Change in link ridership distribution for scenario 1 
Old library 
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Figure 5.8 Bus route designed for scenario 1
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5.5.2 Scenario 2: Road layout changes 
For the changes that are made in the land use, need may arise for road layout changes. 
With the proposed alternative road layout as shown in Figure 5.9, the capability of the 
model in designing a suitable road alignment is illustrated in this scenario. The model 
result shows the optimal design of new bus route, Figure 5.10 and the route length is 
found to be 5830 meters. Assuming that this route length may increase operator cost, 
the maximum walking time fixed from each building is increased from 250 to 300 
seconds. The model produced an alternative bus route alignment, Figure 5.11, with a 







Figure 5.9 Campus layout for scenario 2 
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 Figure 5.10 Bus route for scenario 2 



















Figure 5.11 Alternative bus route designed for scenario 2 
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5.6 Summary 
 
This chapter demonstrates the potential of the model in applying it to a real world area. 
Firstly, the model is able to determine the probable ridership arriving at various links 
considering the effects of natural and man-made aspects affecting the pedestrian 
accessibility in that area. Secondly, it has been shown that the model is able to design 
efficient bus routes. Thirdly, the model is used to study some of the altering scenarios 
of the application area by determining the link ridership distribution and the bus route 
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The need for an optimal transit route planning, considering the impacts of natural and 
man-made aspects that affect transit route accessibility, calls for the development of a 
GIS Spatial Planning Model. Not only a GIS model has been successfully developed in 
the course of the study, the use of the model in enhancing the transit route planning 
process is illustrated. New functionalities of GIS have been explored in the 
development of the model to simulate real world conditions. More importantly, the 
influence of factors affecting accessibility of the pedestrians to bus routes is examined 
carefully in the modeling process such that any changes in them are easily reflected in 
the final design of bus routes. 
 
The model has taken into account both natural aspects and man-made aspects that 
affect transit accessibility. For natural aspects, the gradient of the natural terrain has 
been considered and clearly studied for its influence, whereas for man-made aspects 
the built up structures such as buildings, building linkages have been considered. 
Ridership from each building is used to estimate the demand at routes. The 
disaggregate approach of ridership estimation is a better method as changes in the 
population can be reflected in the model. This is particularly important in future land 
use planning and for estimating the demand at various routes and thus for the planning 
of bus routes. 
 
  
Chapter Six: Conclusions 
 
National University of Singapore                                                                               86 
Unlike the other accessibility measures in transit route planning studies where the 
service area population is calculated from the routes and just based on distance, the 
model developed in this study determine the riders from each building arriving to 
various routes taking into account the spatial factors affecting accessibility, including 
the distance leading to routes. Thus, the model takes into account the whole of the 
population in the area considered and the spatial barriers in the planning of bus routes. 
 
In the study, the distribution of ridership from each building is based on the mapping 
of accessibility contours for a maximum walking time considered. The accessibility 
contours takes the influence of factors affecting accessibility and maps contours of 
varying accessibility values. Based on these values, the probable ridership is calculated 
for each route that fall within these contours using an integrated MNL model. Hence, 
choices made by the riders in selecting routes of equal accessibility and varying 
accessibility values are incorporated into the model. This will help to plan better bus 
routes as the ridership determination includes a choice parameter, which can be varied 
and studied for changes. 
 
The route designed by the model works based on the principle that the final route 
alignment will be the one that can be accessed by the whole population in a certain 
period of walking time for the area considered. Increasing the walking time to reach 
the bus routes could well shorten the route length designed. Thus, the model is flexible 
enough in taking into, both the user and operator constraints in designing transit routes.  
 
The model is also tested for its usefulness by applying the model for planning a shuttle 
bus route for the National University of Singapore Campus. With this model, 
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alternative scenarios can also be easily evaluated as part of future planning studies. 
Configuration of bus routes for land use and road layout changes can be studied and 
assessed. The successful development of the GIS Spatial Planning Model will go a 
long way in the enhancement of transit route planning and analysis problems, to ensure 




The model can further be improved by developing and integrating a transit ridership 
forecasting model, which can estimate ridership based on the building characteristics. 
The MNL model can also be improved by introducing one or more additional variables 
in calculating the probable ridership. A suitable variable that could be used is the 
characteristics of the building population, i.e. the building may be residential, office, or 
a shopping and so the population in them may have certain preferences. This will 
better estimate the choice of people in choosing bus routes.  
 
The cost surface modeled could be improved by considering other unaccounted factors 
such as, the traffic condition on routes (congestion and safety), environmental 
conditions of areas (pollution and noise), desirable walking conditions (safety, scenic, 
protection from adverse weathers) and other specific factors of importance to the study 
area that may have an effect on the accessibility of commuters. The inclusion of such 
factors will further improve the ridership estimation. Further, the accessibility contours 
are mapped for a fixed walking time for all the riders in a building. Future works may 
be carried out to make this flexible in handling a certain percentage of population with 
shorter walking times while the rest with longer walking times. 
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There are also some complementary studies worth considering. The ridership 
distribution arrived at various links provides necessary information for the positioning 
of bus stops. With the bus route designed and bus stops located, frequencies can be set 
and the route can further be analyzed and altered for operator constraints of fleet 
availability. Though each of these issues may call for a more detailed analysis of the 
route designed, the model will function as the first step in transit route planning.  
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